Objectives: Fusidic acid interferes with the release of elongation factor G (EF-G) after the translocation step of protein synthesis. The objective of this study was to characterize the fusidic acid stimulon of a fusidic acid-susceptible strain of Staphylococcus aureus (SH1000).
Introduction
During 2005 in the USA, the rate of invasive infection by methicillin-resistant Staphylococcus aureus (MRSA) was 31.8 per 100000. 1 The emergence of community-acquired MRSA infections continues to be a major cause for concern.
1,2 Fusidic acid is a steroid antibiotic used to treat serious infections caused by S. aureus and is an alternative antimicrobial for treatment of disease caused by MRSA. 3 This drug is usually utilized in antimicrobial combination therapies, since resistance to this drug can emerge when used as a monotherapy. 3 Fusidic acid inhibits protein synthesis by interfering with the release of elongation factor G (EF-G) after it has functioned in the translocation step on the ribosome. 4 Clinical fusidic acid resistance in S. aureus is mediated by two mechanisms, including mutations in the gene that encodes the target of fusidic acid, EF-G (historically referred to as fusA). 5, 6 Resistance to this drug can also follow the acquisition of horizontallytransferred elements such as the fusidic acid resistance gene 1 (far1 or fusB) 7 or other homologues of this gene. 8 New evidence suggests that FusB binds to EF-G and protects it from fusidic acid binding. 9 Similar to methicillin and fluoroquinolone resistance expression by S. aureus, both fusA-and far1-mediated fusidic acid-resistant strains express heterogeneous resistance to this drug in vitro by producing cell populations that differ in the level of fusidic acid to which they are resistant to. 10 One mechanism of laboratory-selected resistance to fusidic acid is conferred by mutation(s) within rplF which encodes the ribosomal protein L6. 11 Other factors that contribute to reduced susceptibility of fusidic acid in the laboratory include efflux pumps (e.g. MdeA and NorA) 12 and growth in the presence of non-steroidal anti-inflammatories (NSAIDS). 13, 14 It is unclear whether these mechanisms contribute to the clinical fusidic acid resistance mechanisms discussed above. Growth of S. aureus in the presence of growth-inhibitory fusidic acid concentrations and NSAIDS in the laboratory can also increase the mutation frequency at which fusidic acid-resistant mutants arise. 15 Numerous studies have analysed the effect of antibiotics on the bacterial transcriptome in an effort to understand how bacteria respond to mechanistically unrelated antimicrobials. 16 -21 Analysis of these antimicrobial 'shock' stimulons brings us closer to understanding the overall antimicrobial-specific pathways that lead to reduced bacterial growth and potential cidal activity. These studies also reveal intrinsic antimicrobial resistance mechanisms utilized by bacteria to stave off the harmful effects of these toxic compounds, and prepare their population for potential mutational responses.
In order to understand how a staphylococcal cell population responds to fusidic acid, microarray experiments were performed with a fusidic acid-susceptible strain of S. aureus exposed to this unique antimicrobial. This approach has led to the identification of a number of genes that affect intrinsic fusidic acid susceptibility.
Materials and methods

Bacterial strains and gradient plate analyses
Fusidic acid gradient plate analyses were performed in triplicate as previously described. 22 S. aureus strains S6C and RN6390 and their agr mutants, S6Cagr::kan, RN3690agr::kan, have been previously described. 23 htrA1 and htrA2 single and double knockout mutants, RN6390htrA1::cat, RN6390htrA2::spc, RN6390htrA1::cathtrA2::spc, COLhtrA1::cat, COLhtrA2::spc, and COLhtrA1::cathtrA2::spc and parent strain COL 24 were gifts from Candice Rigoulay and Alexandra Gruss of the Institut National de la Recherche Agronomique. Strains SH1000, 25 SH1000isaA::tet and SH1000sceD::kan 26 were kindly provided by Simon Foster of the University of Sheffield.
Microarray analysis
S. aureus pan-genome microarrays were utilized to determine transcriptome alterations occurring in S. aureus grown in the presence of fusidic acid. Total bacterial RNA was isolated as previously described 14 from S. aureus strain SH1000 grown in Mueller-Hinton broth to an OD 580 of 1.0 (378C, 200 rpm) and then induced with 2 mg/L fusidic acid for 15 min. This RNA and RNA isolated from untreated SH1000 cultures were then converted to fluorescently labelled cDNA and hybridized to S. aureus microarrays version 4 (NIAID's Pathogen Functional Genomics Resource Center, http:// pfgrc.jcvi.org/index.php/microarray/array_description/staphylococcus_ aureus/version4.html) as previously described. 14 The transcriptome data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO platform accession number GPL7072, and series accession number GSE12210 (http://www.ncbi.nlm.nih.gov/geo/).
The Staphylococcus aureus microarray meta-database (SAMMD) presently curates data from 89 publicly available microarray experiments (only genes altered 2-fold or more) and allows for the comparison of microarray data obtained from different protocols and experiments.
27 SAMMD was used to analyse the transcriptome generated from SH1000 grown in the presence of fusidic acid. The ORF IDs of genes differentially regulated under fusidic acid induction were mapped to strain COL IDs and redundancies were removed. This list of non-redundant IDs was then used as the input to search against SAMMD, 27 and the resulting data were prepared as a network file and analysed using Cytoscape. 28 Quantitative real-time PCR to confirm microarray data was performed as previously described 29 with the primers indicated in Table 1 . Following growth of SH1000 with and without fusidic acid addition at various time points, the cultures were serially diluted with fresh MHB, inoculated onto Mueller -Hinton agar and the total surviving cfu/mL were determined after 24 h.
Results and discussion
Fusidic acid stimulon and SAMMD analysis
We empirically determined the subinhibitory concentrations of fusidic acid to be used in this study by measuring the number of viable cells (cfu/mL) at various exposure time points. Cell viability was not altered after exposure of strain SH1000 to 2 and 4 mg/L fusidic acid for up to 4 h. Based on these data, we exposed the strain SH1000 to 2 mg/L fusidic acid for 15 min to induce the transcriptome in this study. This transcriptome thereby is representative of a cell population that is not experiencing events leading to cell death. Microarray data demonstrated that fusidic acid induction in SH1000 led to the up-regulation of 272 genes and downregulation of 272 genes 2-fold or more. The alteration in expression of five of these genes (emr-qac1, est, yjbG1, htrA1 and hisS) was confirmed by real-time PCR (Table 2) . Of interest, fusidic acid induction led to the up-regulation of fusA (2.1-fold) and 25 ribosomal protein genes (2-6-fold), and the downregulation of 21 protein degradation genes (22-to 211-fold) and 10 tRNA aminoacylation genes (22-to 24-fold) ( Table 2 ). Since fusidic acid inhibits protein synthesis, it was expected that the expression of genes required for protein synthesis would be altered. SAMMD analysis compared the fusidic acid transcriptome with 89 S. aureus transciptomes and revealed that fusidic acid induction up-regulated 20 and down-regulated 6 of the 99 known and predicted transcriptional regulator genes in the S. aureus genome. SAMMD analysis also revealed that this global response to fusidic acid was second only to induction with the protein synthesis inhibitor mupirocin which leads to the alteration of most of these regulators of any condition studied (35/99 total). Mupirocin selectively binds to the bacterial isoleucyl-tRNA synthetase, which leads to a halt in protein synthesis and induction of the stringent response.
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The staphylococcal accessory regulator sarA, which when inactivated increases susceptibility to fusidic acid, 22 was up-regulated by fusidic acid induction, as were the sarA homologues sarS and sarV (all at 1.7-fold). Genes of the agr operon (agrABD) which controls S. aureus virulence factor production were also up-regulated by fusidic acid induction (1.8-2.7-fold). Fusidic acid gradient plate analysis revealed that both S6Cagr::kan and RN6390agr::kan grew to smaller distances on a fusidic acid gradient compared with their respective parent strains S6C and RN6390 (Table 3) . This indicates that a functional agr operon is required to protect the staphylococcal cell against fusidic acid insult. The inactivation of agr function has also been associated with the acquisition of the vancomycinintermediate susceptibility phenotype by S. aureus 33 and leads to reduced methicillin resistance expression as well. 34 A significant portion of the genes altered by fusidic acid induction are also associated with previously well-described bacterial stress stimulons [see Supplementary data, available at JAC Online (http://jac.oxfordjournals.org/)].
Fifty-one genes down-regulated by fusidic acid induction are also down-regulated in the cold shock response 32 (see Supplementary data). Genes encoding cold shock proteins cspB (Table 2 ) and cspC (77% amino acid identity to cspB) were up-regulated by fusidic acid as well (8.2-and 1.8-fold, respectively). cspB is also up-regulated in S. aureus following mupirocin induction. 32 A classic study from Neidhardt's laboratory demonstrated the induction of the cold shock response in Escherichia coli by fusidic acid, 35 and cold shock proteins are also up-regulated in Bacillus subtilis following chloramphenicol and erythromycin induction. 17 The stringent response is mediated by a large gene network geared to respond to starvation conditions created by either the lack of energy or amino acid starvation, such as that induced by mupirocin treatment. 32, 36 One hundred and three genes down-regulated by mupirocin induction are also down-regulated by fusidic acid induction (see Supplementary data). relA which encodes the (p)ppGpp synthetase of the stringent response 30, 36, 37 is down-regulated by mupirocin 32 and fusidic acid induction (23.4-fold). Previous studies in E. coli have demonstrated that translational inhibitors decrease the synthesis of (p)ppGpp. 38, 39 Proteomic studies have also demonstrated that exposure of B. subtilis to translation inhibitors can alter the expression level of stringently controlled proteins. 17 These findings demonstrate that a large number of the downregulated genes of the cold shock and stringent response form a major portion of the fusidic acid stimulon. It is well known that the induction of one bacterial stress system can impart on a bacterial cell a cross-protective response against other stressing environments. 40 Anderson et al. 32 already reported that cold shock and the stringent response share numerous response genes, indicating that these genes may be representative of a generalized S. aureus stress response. Most of the fusidic acid stimulon, cold shock and stringent response (mupirocin induction) overlaps include genes encoding ribosomal proteins, tRNA synthetases and proteins involved with protein degradation, folding and stabilization.
Fusidic acid-induced YycFG controlled regulon
The gene encoding the staphylococcal secretory antigen ssaA1and three ssaA paralogues (ssaA2, ssaA3 and ssaA4) were highly induced in response to fusidic acid (Table 2) . ssaA2, which showed the greatest change in expression, is required for the full expression of resistance to MLS B antibiotics 41 and ssaA1 is a significant staphylococcal antigen.
42 ssaA2 and ssaA3 are transcribed in the same direction and are also found close together on the S. aureus chromosome (separated by 2917 bp) ( Table 1 ). All of these fusidic acid-induced SsaAs, and a fifth SsaA homologue (SACOL0723, ssaA5) not induced by fusidic acid, share the greatest identity at their terminal ends and SsaA3 and SsaA4 are missing an internal sequence ( Figure 1 ). The S. aureus SsaA homologues have also been reported to share a common cysteine, histidine-dependent amidohydrolases/ peptidases-amidase domain and amino-terminal signal sequences, suggesting that these paralogues play a role in cell wall metabolism. 43 In addition to the ssaA paralogues, other genes associated with cell wall metabolism were also altered in SH1000 following growth in the presence of fusidic acid. Two recently characterized peptidoglycan hydrolases (sceD and isaA) 26 were up-regulated by fusidic acid induction (8.9-and 1.9-fold). Interestingly, like SsaA, IsaA also acts as an immunodominant S. aureus antigen. 44 While inactivation of sceD did not alter distances grown on the fusidic acid gradient, the inactivation of isaA in SH1000 led to increased susceptibility to fusidic acid (Table 3) . Expression of all ssaA paralogues, isaA and sceD are positively regulated by yycFG and represent part of the yycFG-controlled autolytic regulon comprising a total of nine autolysin genes. 43 The yycFGHIJ operon of S. aureus encodes at least one essential two-component regulatory system YycFG, where YycF acts as a response regulator, while YycG acts as the sensor histidine kinase. 45 Cells starved of yycFG demonstrate decreased peptidoglycan biosynthesis and turnover, increased peptidoglycan cross-linking and glycan chain length, and increased resistance to Triton X-100-and lysostaphin-stimulated whole cell lysis. 43 The S. aureus response regulator YycF has been shown to bind the ssaA1 promoter. 46 Growth of SH1000 in the presence of fusidic acid led to the down-regulation of yycF and yycG 22-and 21.8-fold, respectively, indicating that a reduction in yycFG transcription might be required for the up-regulation of the ssaA paralogues as well as isaA and sceD, at least in the presence of fusidic acid insult. We speculate that since fusidic acid is readily incorporated into the cell membrane, 47 alterations in cell wall synthesis caused by ssaA paralogues and sceD and isaA up-regulation might contribute to the removal of the drug from the cell's exterior at least.
Other select genes induced by fusidic acid
Another highly up-regulated fusidic acid gene encodes a carboxylesterase (est, 12.2-fold). Interestingly, the fusH gene of
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Fusidic acid stimulon
Streptomyces lividans 66 actually encodes a fusidic acid modifying carboxylesterase (521 amino acids) which inactivates its antimicrobial activity. 48 It is possible that Est (247 amino acids) might contribute to the deactivation of fusidic acid, although Est demonstrates only 10% identity with the N-terminus of FusH.
Two of the most highly fusidic acid-induced genes (erm-qac1 and macA) encode putative drug efflux pumps (Table 2) . erm-qac1 (SACOL2347) and macA (SACOL2348) are separated by 13 bp and encode a putative major facilitator protein (643 amino acids) and a putative macrolide transporter subunit (215 amino acids), respectively. Erm-qac1 demonstrates 18% identity across its entire length with the well-characterized S. aureus QacA 49 multidrug efflux pump, while MacA demonstrates 15% amino acid identity with the MacA subunit of an E. coli macrolide efflux pump. 50 These pumps can protect the cell from multiple mechanistically unrelated toxic compounds including quaternary ammonium compounds, chlorhexidine gluconate, triclosan, ethidium, carbonyl cyanide m-chlorophenylhydrazone, nalidixic acid, erythromycin and thiolactomycin. 50 -54 Genes encoding these types of efflux pumps can also be induced by antibiotics other than fusidic acid, such as the protein synthesis inhibitor tetracycline and the intercalating agent ethidium. 53, 54 Further upstream of macA (121 bp) lies a divergently encoded putative tetR regulator gene (183 amino acids) which demonstrates 15% amino acid identity with the well-characterized S. aureus TetR homologue IcaR 55 and 12% identity with QacR, which controls qacA transcription. 56 -58 Like the relationship between macA and tetR, qacR is also separated by 178 bp from qacA and these genes are divergently transcribed on S. aureus plasmid pSK1. 59 Another S. aureus erm-qac gene (SACOL2413, 26% identity to Emr-Qac1) was also up-regulated by mupirocin induction. 32 It is possible that these efflux gene products contribute to the removal of fusidic acid and mupirocin from inside the cells interior, thereby providing a degree of protection from the toxicity of these drugs.
Genes down-regulated by fusidic acid induction
The most highly down-regulated fusidic acid-induced gene sapS encodes a putative secreted acid phosphatase (211.8-fold) that has recently been characterized and belongs to the class C family of non-specific acid phosphatases. 60 Non-specific acid phosphatases are thought to be involved in cleaving nucleotides and sugar phosphates into dephosphorylated products that can be transported across the cytoplasmic membrane. 61 It is possible that the fusidic acid-stressed cell retains phosphorylated organic compounds and reduces the uptake of cleaved compounds since growth and metabolism are altered by fusidic acid exposure.
A number of protease genes were also highly down-regulated by growth in the presence of fusidic acid. Two of these genes yjbG1 and yjbG2 (211-and 29.6-fold, respectively) demonstrate 54% and 27% identity with a PepF-like oligopeptidase of B. subtilis (YjbG). 62 Two other genes expressing surface proteases that contribute to S. aureus pathogenicity 24 (htrA1 and htrA2) were also down-regulated by fusidic acid induction (29.4-and 25.2-fold, respectively) ( Table 2 ). Inactivation of either htrA1 or htrA2 singly in the RN6390 background led to reduced fusidic acid susceptibility, while inactivation of both genes did not alter fusidic acid resistance expression in this strain (Table 3) . Inactivation of either htrA1 or htrA2 singly or in combination in the COL background, however, led to increased fusidic acid susceptibility (Table 3) . It was previously demonstrated that the inactivation of these genes leads to strainspecific phenotypic differences, so the unique effects of htrA inactivation on fusidic acid resistance in the COL and RN6390 background was not unexpected. 24 A reduction in protease production might allow for the preservation of proteins required for cell survival under the influences of fusidic acid, which, under normal circumstances, might be turned over. At the same time, protease gene transcription might be logically repressed when protein biosynthesis is inhibited in a cell.
Conclusions
We have now characterized the fusidic acid stimulon of a fusidic acid-susceptible S. aureus strain. The fusidic acid stimulon includes many genes associated with protein synthesis, and SAMMD analysis revealed that the fusidic acid global response includes alteration in the expression of numerous regulators. Of these, the agr operon is determined to protect against fusidic acid. SAMMD also reveals that the fusidic acid stimulon has the greatest overlap with the cold shock and stringent response. Many autolysin genes making up a large part of the YycFG regulon are also up-regulated by fusidic acid induction, as are a carboxylesterase and two putative drug efflux pumps. One of the YycFG-controlled genes isaA is required for the full expression of fusidic acid susceptibility. Genes down-regulated by fusidic acid induction encode a putative secreted acid phosphatase and a number of protease genes of which htrA1 and htrA2 are proven to affect wild-type fusidic acid susceptibility levels in a strainspecific manner. 
